The rare baryonic decay Λ b → Λ(→ pπ − )µ + µ − provides valuable complementary information compared to the corresponding mesonic b → sµ + µ − transition. In this paper, using the latest high-precision lattice QCD calculation of the Λ b → Λ transition form factors, we study this interesting decay within the aligned two-Higgs-doublet model, paying particularly attention to effects of the chirality-flipped operators generated by the charged scalars. In order to extract the full set of angular coefficients in this decay, we consider the following ten angular observables that can be derived from the analysis of the subsequent parity-violating Λ → pπ − decay: the differential branching fraction dB/dq 2 , the longitudinal polarization fraction F L , the lepton-, hadron-and combined lepton-hadron-side forward-backward asymmetries A FB , A Λ FB and A Λ FB , as well as the other five asymmetry observables Y i (i = 2, 3s, 3sc, 4s, 4sc). Detailed numerical comparisons are made between the SM and NP values for these angular observables. It is found that, under the constraints from the inclusive B → X s γ branching fraction and the latest global fit results of b → s data, the contributions of right-handed semileptonic operators O 9,10 , besides reconciling the P 5 anomaly observed in B 0 → K * 0 µ + µ − decay, could also enhance the values of dB/dq 2 and A FB in the bin [15, 20] GeV 2 , leading to results consistent with the current LHCb measurements.
Introduction
The rare semileptonic b-hadron decays induced by the flavour-changing neutral current (FCNC) transition b → s + − do not arise at tree level and, due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [1] , are also highly suppressed at higher orders within the Standard Model (SM).
In many extensions of the SM, on the other hand, new TeV-scale particles can participate in the SM loop diagrams and lead to measurable effects in these rare decays. As a consequence, they play an important role in testing the SM and probing New Physics (NP) beyond it [2, 3] .
While no any solid evidence of NP has been found in direct searches at high-energy colliders, it is interesting to note that several persistent deviations from the SM predictions have been observed in rare B-meson decays [3] . Specific to the b → s + − mesonic decays, these include the angular observable P 5 in the kinematical distribution of
the lepton-flavour-universality-violation ratio Motivated by these anomalies and using the other available data on such rare mesonic decays, several global analyses have been made [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , finding that a negative shift in the Wilson coefficient C 9 improves the agreement with the data. However, due to the large hadronic uncertainties involved in exclusive modes, it remains quite unclear whether these anomalies indicate the smoking gun of NP, or are caused merely by underestimated hadronic power corrections [27] [28] [29] [30] [31] [32] [33] [34] or even just by statistical fluctuations. In order to further understand the origin of the observed anomalies, it is very necessary to study other processes mediated by the same quark-level b → s + − transition.
In this respect, the rare baryonic Λ b → Λµ + µ − decay is of particular interest for the following two reasons. Firstly, due to the spin-half nature of Λ b and Λ baryons, there is the potential to improve the currently limited understanding of the helicity structure of the underlying effective weak Hamiltonian [35] [36] [37] . Secondly, exploiting the full angular distribution of the four-body Λ b → Λ(→ pπ − )µ + µ − decay, one can obtain information on the underlying short-distance
Wilson coefficients of effective four-fermion operators, which is complementary to that obtained from the corresponding mesonic decays [38] [39] [40] . Experimentally, this decay was observed firstly by the CDF collaboration with 24 signal events and a statistical significance of 5.8 Gaussian standard deviations [41] . Later, the LHCb collaboration published the first measurements of the differential branching fractions as well as three angular observables of this decay [42] . As the Λ b baryons account for around 20% of the b-hadrons produced at the LHC [43] , refined measurements of this decay will be available in the near future. On the theoretical side, this decay is challenged by the hadronic uncertainties due to the Λ b → Λ transition form factors and the non-factorizable spectator dynamics [38, [44] [45] [46] . As the theory of QCD factorization at low q 2 [47, 48] is not yet fully developed for the baryonic decay, we neglect all the non-factorizable 
decay prefers a positive shift to the Wilson coefficient C 9 , which is opposite in sign compared to that found in the latest global fits of only mesonic decays [22, 26, 27] . This suggests that a simple shift in C 9 alone could not explain all the current data and needs more thorough analyses. In our previous paper [82], we have studied the B 0 → K * 0 µ + µ − decay in the aligned two-Higgs-doublet model (A2HDM) [83] , and found that the angular observable P 5 could be increased significantly to be consistent with the experimental data in the case when the chargedscalar contributions to C
and C H ± 9,10 are sizable, but C H ± 9,10 0. In order to further understand the anomalies observed in the b → s + − mesonic decays, in this paper, we shall study the
As the Λ b polarization in the LHCb setup has been measured to be small and compatible with zero [84] , and the polarization effect will be averaged out for the symmetric ATLAS and CMS detectors, we consider only the case of unpolarized Λ b decay. In order to reduce as much as possible the uncertainties arising from input parameters and transition form factors, we shall calculate all of the angular observables in some appropriate combinations [38] [39] [40] . For the Λ b → Λ transition form factors, we use the latest high-precision lattice QCD calculation [85] , which is extrapolated to the whole q 2 region using the Bourrely-Caprini-Lellouch parametrization [86] . These results are also consistent with those of the recent QCD light-cone sum rule calculation [46] , but with much smaller uncertainties in most of the kinematic range.
Our paper is organized as follows. In Sec. 2, we give a brief overview of the A2HDM. In
Sec. 3, we present the theoretical framework for Λ b → Λ(→ pπ − )µ + µ − decay, including the effective weak Hamiltonian, the Λ b → Λ transition form factors, and the observables of this decay. In Sec. 4, we give our numerical results and discussions. Our conclusions are made in Sec. 5. Some relevant formulae for the Wilson coefficients are collected in the appendix.
The aligned two-Higgs-doublet model
We consider the minimal version of 2HDM, which is invariant under the SM gauge group and includes, besides the SM matter and gauge fields, two complex scalar SU (2) L doublets, with hypercharge Y = 1/2 [83, 87] . In the Higgs basis, the two doublets can be parametrized as
246 GeV is the nonzero vacuum expectation value, and G ± , G 0 are the massless Goldstone fields. The remaining five physical degrees of freedom are given by the two charged fields H ± (x) and the three neutral ones ϕ In the fermion mass-eigenstate basis, with diagonal mass matrices M f , the tree-level FCNCs can be eliminated by requiring the alignment in flavour space of the Yukawa matrices [83] : 
where
is the right (left)-handed chirality projector, and V denotes the CabibboKobayashi-Maskawa (CKM) matrix [89, 90] . As detailed in Refs. [82, 88] , the charged scalars could provide large contributions to b → s + − transitions, in some given parameter spaces.
Effective weak Hamiltonian
The effective weak Hamiltonian for b → s + − transition is given by [52] 
where G F is the Fermi coupling constant, and we have neglected the doubly Cabibbo-suppressed contributions to the decay amplitude. The operators O i≤6 are identical to P i given in Ref. [91] , and the remaining ones read 
where the basic fermion loop function is given by [47] h(m q , q
Figure 1: Z-and photon-penguin diagrams involving the charged-scalar exchanges in the A2HDM.
and the functions F 1,c (q 2 ) and F (7,9) 2,c (q 2 ) are provided in Ref. [92] for low q 2 and in Ref. [93] for high q 2 .
1 The quark masses appearing in these functions are defined in the pole scheme. The contribution from O 7 is suppressed bym s /m b and those from O 9,10 are zero within the SM.
In the A2HDM, the charged-scalar exchanges lead to additional contributions to C 7,9,10 and make the contributions of chirality-flipped operators O 7,9,10 to be significant, through the Z 0 -and photon-penguin diagrams shown in [49, 50] . Although non-factorizable spectator-scattering effects (i.e., corrections that are not described using hadronic form factors) are expected to play a sizable role in the low-q 2 region [47, 48] , we shall neglect their contributions because there is presently no systematic framework in which they can be calculated for the baryonic decay [46] . As a consequence, our predictions in the low-q 2 region are affected by a hitherto unquantified systematic uncertainty.
be real, one has C
, and we shall therefore neglect C
in the following discussion.
Transition form factors
In order to obtain compact forms of the helicity amplitudes [38], we adopt the helicity-based definitions of the Λ b → Λ transition form factors, which are given by [38, 44] 
14)
for the vector and axial-vector currents, respectively, and
for the tensor and pseudo-tensor currents, respectively. Here q = p − p and
The helicity form factors satisfy the endpoint relations f
and 
Observables in Λ
The angular distribution of the four-body • The differential decay rate and differential branching fraction 18) where τ Λ b is the Λ b lifetime.
• The longitudinal polarization fraction of the dimuon system
where we introduce the normalized angular observablesK nλ = K nλ dΓ/dq 2 .
• The lepton-, hadron-and combined lepton-hadron-side forward-backward asymmetries • The other five asymmetry observables 21) which, along with the previous observables, determine all the ten angular coefficients K nλ .
Here Y 2 also has a zero-crossing point, which lies in the low q 2 region.
In order to compare with the experimental data [97] , we also consider the binned differential branching fraction defined by dB/dq 22) and the binned normalized angular coefficients defined by
where the numerator and denominator should be binned separately. As the theoretical calculations are thought to break down close to the narrow charmonium resonances, we make no predictions for these observables in this region.
Finally, it should be noted that, unlike the strong decay K * → Kπ in the mesonic counterpart B → K * + − , the subsequent weak decay Λ → pπ − is parity violating, with the asymmetry parameter α Λ being known from experiment [98] . This fact makes the signal with an intermediate Λ baryon to be distinguished from the direct Λ b → pπ − µ + µ − decay, and facilitates the full angular analysis of
4 Numerical results and discussions
Input parameters
Firstly we collect in Table 1 the theoretical input parameters entering our numerical analysis throughout this paper. These include the SM parameters such as the electromagnetic and Other parameters predictions for the corresponding binned observables are presented in Table 3 .
As can be seen from Figure 2 and Table 3 and Dyk found that their fits prefer a positive shift to the Wilson coefficient C 9 , which is opposite in sign compared to that found in the latest global fits of only mesonic decays [22, 26, 27] .
This means that a simple shift in C 9 alone could not explain all the current data. Especially, 
Results in the A2HDM
In this subsection, we shall investigate the impact of A2HDM on the
observables. For simplicity, the alignment parameters ς u,d are assumed to be real. As in our previous paper [82], we use the inclusive B → X s γ branching fraction [104, 105] In case A, the impact of A2HDM is found to be negligibly small on the hadron-side forwardbackward asymmetry A Λ FB and the observables Y i (i = 3s, 3sc, 4s, 4sc). For the differential branching fraction, on the other hand, visible enhancements are observed relative to the SM prediction, especially in the high q 2 region. For the remaining observables, the A2HDM only affects them in the low q 2 region, but the effect is diluted by the SM uncertainty. In order to see clearly the A2HDM effect in case A, we give in Table 4 Including the A2HDM in case A, there are only small changes on the zero-crossing points:
In case B, however, the A2HDM has a significant influence on almost all the observables, as shown in Figure 2 . The most prominent observation is that it can enhance both the differential branching fraction and the lepton-side forward-backward asymmetry in the bin [15, 20] GeV 2 , being now compatible with the experimental measurements at 0.2 σ and 1.3 σ, respectively (see also Table 4 ). The magnitude of the hadron-side forward-backward asymmetry tends to become smaller in the whole q 2 region in this case, but is still in agreement with the LHCb data, with the large experimental and theoretical uncertainties taken into account. In the high (whole) q Combining the above observations with our previous studies-the angular observable P 5 in B 0 → K * 0 µ + µ − decay could be increased significantly to be consistent with the experimental data in case B [82], we could, therefore, conclude that the A2HDM in case B is a promising alternative to the observed anomalies in b-hadron decays.
Conclusions
In this paper, we have investigated the A2HDM effect on the rare baryonic 
A Wilson coefficients in A2HDM
The coefficients C are given, respectively, as [82]
where the basic functions F i (x) are defined, respectively, by
(A.12)
(A.13) 
